OH 44195.
A role for the internal elastic lamina (IEL), which separates the intima and media of an artery wall, as a restrictive barrier to macromolecular movement has been suggested in atherosclerotic lesion development or restenosis during angioplasty. The permeability coefficient of the IEL, however, has never been quantified in unperturbed vessels in vivo. Using a newly developed technique, we measured the concentration distributions in both intima and media of cationic (pl -z8.5) and anionic (pl -6.3) isozymes of the 44-kD macromolecule horseradish peroxidase (HRP). Two mathematical models of arterial wall transport differing in their resolution of the intima were required to simulate the concentration distribution data and to estimate the parameters of interest. Optimal estimates of the permeability coefficients of the endothelium (PE) and IEL (PIEL) to HRP were determined by the best least-squares fit of the two models to experimental data. These estimates (anionic:
arly atherosclerotic lesions are characterized by E the abnormally high accumulation of plasmaborne low-density lipoprotein (LDL) in the aortic intima.1-3 Studies designed to show how this abnormal accumulation might occur have focused on the role of the endothelial cell permeability in controlling plasma protein entry into the intima. Consistent with these studies, Ross4 proposed, in the response to injury hypothesis of atherosclerosis, that the initial event in the formation of an atherosclerotic lesion may be the abnormal accumulation of LDL in the intima in response to a transient increase in endothelial cell permeability. Weinbaum et a15 used mathematical simulations to predict that a small increase in the basal rate of arterial endothelial cell proliferation would result in significant increases in plasma-borne protein accumulation in the intima. In a later study in normal rat aortas, Lin et al6,7 demonstrated a high degree of correlation between areas of increased plasma albumin or LDL entry and the presence of endothelial cell mitosis. Although these data establish the role of the endothelial cell in regulating plasma protein entry into the intima, little is known about the transport characteristics of the abluminal barrier of the intima, the internal elastic lamina (IEL), in normal tissue or during the atherosclerotic process. The resistance of the IEL to macromolecular movement has been largely ignored, partly because its transport characteristics have been very difficult to measure in vivo because of the low spatial resolution of the techniques available to quantify transmural macromolecular concentration profiles and partly because structural studies of the fenestrations of the IEL have led researchers to regard it as a relatively porous membrane. 8 The importance of the IEL in atherosclerosis was suggested by Fry,9 who developed a steady-state mathematical model describing transport in the intima and media. His model simulations demonstrated that macromolecular concentrations in the intima could exceed those in the plasma with particular combinations of permeability coefficients of the endothelium and IEL. This prediction is consistent with observations of Smith and Staples,10 who found in human autopsy specimens regions of intima having LDL concentrations higher than those found in the plasma.
In the present study, we used an imaging technique offering high spatial resolution that we developed for measuring intimal and medial concentration (CI and CM, respectively) profiles of peroxidase-labeled molecules.'1 As in previous studies, we used horseradish peroxidase (HRP) as a macromolecular tracer, but in the present study, we chose to quantify the permeability coefficients of the endothelium and IEL (PE and PIEL, respectively) of the rat thoracic aorta in vivo. HRP as a macromolecular marker offers a few advantages in addition to its quantifiable enzyme activity." Its molecular size is intermediate between growth factors of interest (eg, platelet-derived growth factor, 33 kD) and larger plasma proteins (albumin, globulins, and lipopro-teins). In addition, it is known to contain 20 isozymes of varying pl.12 In the present study, we isolated two of these from commercial preparations of HRP. We used a major cationic isozyme with a pl of :8.5 and a less abundant anionic isozyme (pI -6.3). Because these differently charged species were separable, we could use HRP to evaluate the effects of charge on the permeability estimates for the endothelium and IEL. Significant charge-dependent binding of HRP to connective tissue proteins or cell surfaces in the intima or media could theoretically result in inaccurate measurements of the endothelial and IEL permeabilities. Furthermore, since many growth factors are cationic (eg, platelet-derived growth factor, pl 9.5 to 10.4),13 we wanted to explore indirectly whether charge could affect the role that the IEL may play in paracrine communication between the endothelium and media.
To simulate the transport processes in the aortic intima, we used two mathematical models differing in spatial resolution. The concentration profiles predicted by the model were compared with data obtained from high-resolution images of HRP reaction product to quantify the permeabilities of the endothelium and IEL. We obtained optimal estimates of PE and PIEL from model simulations that produced the best fit to experimental data.
Materials and Methods HRP Preparation
The cationic and anionic isozymes of HRP were separated as described by Delincee and Radola.12 Briefly, 500 mg HRP (grade II, Boehringer Mannheim) was added to a 100-mL agarose gel mixture consisting of 10 mmol/L NaCl and 4 g Ultrodex granulated gel (Pharmacia, Uppsala, Sweden) with 5% ampholytes (Ampholine, pl 3.5 to 10, Pharmacia, Uppsala, Sweden) before drying. Once 33% of the wet weight of the gel was evaporated, the gel was placed into an isoelectric focusing system (LKB 2117 multiphor II electrophoresis unit) at 8 W for 16 hours with a circulating water chiller to maintain gel temperature at 4°C. The described bands in the gel (a single band at z6.3, referred to as an anionic band, and a more dense band at ---8.5, referred to as a cationic band) were then carefully removed from the gel form and separately eluted using 10 mmol/L NaCl in distilled water. The pH of each fraction was measured to approximate the pI of that band. The concentration in the final solution was determined spectrophotometrically at 403 nm'2 using (unseparated) HRP as a standard. Fig 1 depicts the average absorbance spectrum from four runs. Once sufficient mass of the two isozymes was obtained (see arrows in Fig 1) , the peak samples for each isozyme from multiple runs were combined, and isoelectric focusing was repeated separately for each of the two isozyme preparations.
Animal Experiments
HRP concentration profiles were obtained as described by Penn et al.1' The animals were anesthetized with sodium pentobarbital (50 mg/kg body wt IP) and injected 15 minutes before euthanasia with 50 mg HRP per kilogram body weight via an exposed femoral vein. The injection volume was -=0.5 mL and contained either anionic HRP, cationic HRP, or unfractionated HRP (type II, Sigma) mixed with <0.1% (by weight) of the same HRP (in the case of the anionic and cationic HRP) labeled with`'I using Iodobeads (Pierce).11
The unfractionated HRP was combined with <0.1% (by weight) of`M'I-labeled HRP from Sigma (type II) or from ICN Immunobiologicals (labeling grade, as was used in previous studies1" 14 "15) . No difference was noted in plasma clearance between the labeled Sigma and ICN preparations of HRP; therefore, the data for these unseparated preparations have been combined into a single group (type II). Before injection, each animal was cannulated with PE-50 tubing via the contralateral femoral artery for four blood collections during the 15-minute circulation to determine the rate of HRP loss from the plasma. The aortas were fixed and processed as described previously.14 Plasma HRP concentration was determined by assaying 0.5-mL blood samples for bound 125I at "A4, 8, 12 , and 15 minutes. The initial HRP concentration (Cp.) as well as the time constant (to) for the plasma disappearance were determined by fitting these plasma concentrations to the exponential function (Cpe-1/o) for each animal.
HRP standard curves were prepared as previously described by equilibrating fresh aorta samples from animals not receiving HRP with solutions of known concentration of the appropriate HRP preparation before fixation.'1 The HRP in experimental tissue and standard tissue was visualized after reaction with 3,3'-diaminobenzidine and H202 (Fig 2) .11 The HRP reaction product in 4-,um-thick aortic cross sections was quantified as relative gray scale (RGS) on a Macintosh Quadra-based imaging system using the image software available through the National Institutes of Health. The tissue consisting of the elastic laminas was excluded from the measured areas so that concentrations measured in the medial layers applied to tissue between elastic layers.14 Elastic tissue, which is clearly visible in all cross sections, was delineated by the software user before measurement. The linear portion of the standard curve relating RGS to tissue HRP concentration was obtained by quantifying the reaction product density in the standards. The standard curve was used to convert RGS values from the image-processing system to HRP concentrations as HRP mass per wet tissue volume. All HRP concentration data presented are the averages of 12 randomly chosen concentration profiles per animal (four profiles from each of three nonsequential samples of midthoracic aorta, avoiding proximity to the intercostal ostia). A x40 objective lens was used to obtain profiles across the media; high-power images of the intima were obtained using a x 100 objective lens for quantifying intimal profiles. As shown in Fig 5, using this objective, we were able to span 8 to 12 pixels across the arterial intima, yielding a submicron spatial resolution across the intima. Also, this power allowed careful delineation of the boundaries of the intima by the program user. HRP concentration profiles were expressed as tissue concentration normalized by the original plasma concentration (C,/CP) to allow comparisons among animals.
Mathematical Models of Arterial Wall Transport
To achieve reliable estimates of the permeabilities of the endothelium and IEL, we used two mathematical models to describe the HRP concentration profiles across the arterial wall. In a lower-resolution model, we considered the endothelium, intima, and IEL as a single barrier separating the plasma from the media'5-18; in the higher-resolution model, we distinguished among these barriers by assigning them separate parameters. 
The apparent diffusion coefficients pertain to HRP movement through the intima (D,) and media (DM). L, and Lm are the widths (thicknesses) of the intima and media, respectively. The lower-resolution model, which is similar to that proposed by Saidel et al,16 describes Fick's law of diffusion across the media only:
The homogeneity assumption inherent in both models required that we represent concentration across the media with relatively large radial thickness for each data point, even though the technique we used for quantifying transmural HRP concentration is capable of measuring HRP concentrations at higher resolution.1' We did not include convective transport in the media, because in a previous study we demonstrated that diffusive transport is the dominant process in the normal rat aorta. 15 Furthermore, the experimental profile of HRP concentration we measured in the intima was not consistent with a convection-dominant process.'S We considered the concentration variation in only one dimension, because the work of Weinbaum et al'9 predicts that macromolecular transport of HRP within the intima is rapid enough to produce a nearly uniform lateral concentration distribution in a matter of seconds. Therefore, during our 15-minute tracer circulation, the HRP was assumed to be well mixed laterally in the intima. and only concentration changes normal to the endothelial surface were considered significant. We did not include degradation in the model because the 15-minute time interval over which HRP circulated was less than the characteristic time for significant degradation of other proteins.' 17820 The initial concentration in both domains was zero: C-CM-O, at t=0.
Boundary conditions. Each barrier in the models was represented as an infinitesimally thin membrane. This barrier representation has been applied successfully in other models of arterial wall transport. 13'16.18 The higher-resolution model has three distinct barriers with corresponding permeability coefficients: the endothelium. PE (Equation 4); the IEL. PIEL Results Before estimating parameters by an optimal (leastsquares) fit of the model output to the data, it was essential to test the model by doing preliminary simulations and sensitivity analyses.22 That is, we examined how changes in the parameter values affected the simulated HRP concentrations in the intima (CI) and media (CM) by obtaining model sensitivity functions, dCbai, where (D represents any one of the model parameters.
Numerical solutions of the model equations were obtained using a simulation program Dss/2.2' The spatial derivatives were discretized into 21 nodes equally spaced across the intima and 41 nodes equally spaced across the media to form a set of ordinary differential-difference equations. This initial-value problem was solved using the LSODE package for stiff sparse systems.24 This approach is similar to that applied previously. '5 Sensitivity Analysis Intuitively, one would expect that an increase in PE would result in an increase in both intimal and medial macromolecular concentrations. One would also expect the rise in macromolecular concentration to be greatest in the intima, less in the luminal portion of the media, and least near the adventitia (assuming no rise in the adventitial entry of the macromolecule with the increase in PE). The behavior is determined by the driving force for the entry of the macromolecule into and across the arterial wall, which depends on the plasma concentration. The sensitivity function, aCM/aPE, shows how model-simulated HRP concentrations change in the media with increasing PE (Fig 4) . In the intima (Fig 4,  insert) , the PE sensitivity function is a positive constant. As expected, both intimal and medial functions were greater than zero, indicating that increases in PE would result in increases in macromolecular concentration in both domains. Furthermore, as predicted, the magnitude of the function is greatest near the intima and decreases as a function of distance across the media.
The sensitivity function for PIEL was found to be negative in the intima (Fig 4, insert) . This the effect of PE, because an increase in PIEL results in a decrease in intimal macromolecular concentration. This difference in direction of the intimal sensitivities between the endothelium and IEL indicates that at the time of measurement (15 minutes) the endothelium regulated what entered the intima, while the IEL regulated what left the intima. The intimal sensitivity function of PIEL is in sharp contrast to its medial sensitivity function, dCM/dPIEL (Fig 4) , since an increase in PIEL results in an increase in CM (positive sensitivity function). The sensitivity of CM to PIEL, however, is less than that of PE.
The magnitude of a sensitivity function is determined by the ability of the system (plasma and artery wall) to change the output variable (CM) when the parameter is increased. In this model of arterial wall transport, the driving forces determining CI and CM are the concentration gradients that exist between adjoining domains (eg, plasma, intima, and media). Thus, the result that the medial sensitivity function for PE is greater than that for PIEL indicates that the driving force increasing CM when PE is increased is greater than the driving force increasing CM when PIEL is increased. In fact, this is the case. The driving force increasing CM when PIEL is increased is CI, whereas the dominant driving force increasing CM when PE is increased includes the plasma concentration. Since the concentration difference between the media and plasma is greater than that between the media and intima, the resulting increase in CM would be greater when PE is increased.
Sensitivity analysis of the intimal diffusion coefficient yielded a small value of &C/3D, (data not shown), signifying that both C, and CM are relatively insensitive to changes in the intimal diffusion parameter DI. In practice, the estimates of D, tend to be relatively high, because the intimal tissue between the endothelium and the IEL appears to have a relatively low resistance.
Parameter Estimation Estimation of model parameters. The parameters of the high-resolution model are PE, PIEL, PA, DI, DM, E1, EM, tO, L,, and LM. Of these ten parameters, to, L,, LM, E1, and EM can be directly measured. By measuring the disappearance of`MI-HRP in the plasma of each animal after intravenous injection, we were able to quantify to (anionic HRP, 67±15 minutes; cationic HRP, 66±27 minutes; type II HRP, 31+7 minutes). The parameters L, and LM were obtained by calibrating the image processor with a micrometer. In an earlier study, we measured the equilibrium distribution coefficient of HRP in the media (EM) by quantifying`251-HRP accumulation in pieces of aortic tissue relative to the bulkphase concentration after equilibration in vitro; it was found to be 0.375.11 (Note that this value of EM excluded the volume occupied by the elastic laminas.") In the present study, we separately quantified the color density of HRP in the intima and media using the 0.05 and 0.15 mg HRP per milliliter standards. Since after equilibration the concentration of HRP in the free fluid space is the same in the intima and media from the same cross section, we were able to calculate that the E, for HRP is 0.155±0.014. Thus, the unknown parameters remaining were PE, PIEL, PA, D1, and DM.
The total resistance (l/PL) to HRP movement into and through the intima can be depicted as the sum of the component resistances in series: (11) 1/PL= 1/PE+ 1/PIEL+LI/DI These profiles of HRP across the intima were relatively flat, suggesting that the intima itself does not offer significant resistance to macromolecular movement. Because of this observation and the fact that the model sensitivity to D, is minimal (see above), we arbitrarily set D, at 10.0 gm'/min, which resulted in simulations with flat profiles across the intima. Estimation protocol. To estimate parameters of the hybrid model, we used an adaptive, nonlinear, leastsquares optimization algorithm, NL2soL.25 Because the magnitude of the measured concentrations in the media was much less than that observed in the intima, we weighted the residuals of medial data points by the ratio of the sum of the concentrations measured in the intima to those measured in the media. This weighting equalized the importance of data from the intima and media.
From simulations and parameter estimations using the lower-resolution model, we obtained estimates of PL, PA, and DM. We then fixed these values in the higher-resolution model to estimate PE and PIEL. The average estimates for PE and PIEL for each HRP preparation are displayed in Fig 6. These data demonstrate that -25% of the total resistance to HRP entry into the media from plasma, calculated as 100%[(l/PIEL)-(lIPL)], was due to the resistance of the IEL, 1/PIEL ( Fig   7) . Values of PL for each preparation were as follows: for anionic HRP, 0.039±0.009 ,um/min; for cationic HRP, 0.024±0.009 ,um/min; and for type II HRP, 0.046+0.029 ,um/min. The average concentration profiles from representative animals of each group appear in Fig 8. The solid lines represent the higher-resolution model fit to the data. The lower-resolution model yielded similarly successful fits to the medial concentration data.
Discussion
Mathematical and experimental studies designed to investigate the entry of plasma-borne macromolecules into arterial tissue have been pursued for many years.6,7,14,15,18,20,21,26-29 Many of these studies have been motivated by the fact that atherosclerosis is characterized by the abnormally high accumulation in the intima of particular macromolecules, eg, very-low-density and low-density lipoproteins.2,3,29-31
To evaluate how alterations in normal transport in arterial tissue could lead to abnormal macromolecular accumulations, such as those observed experimentally,114'32'33 studies have been undertaken to measure the permeability of the endothelial cell layer along with other relevant transport parameters. Such studies have typically focused on the influence of the endothelial permeability, but also have included effects of the medial diffusion of the macromolecule of interest, the convection of the macromolecule through the media, and its degradation by endothelial and smooth muscle cells on the concentration of the macromolecule in the arterial tissue." '6"8'22'27-29"3 In general, the approach used to evaluate the transport parameters has consisted of measuring transmural concentration profiles of labeled macromolecules. These concentration profiles have been fit to appropri- where PIEL and PL are IEL and luminal permeability coefficients, respectively, for these preparations of HRP: an anionic isozyme (n=8), a cationic isozyme (n=8), and a mixed commercial preparation (type 11, n=10). Data represent mean+SD. ate distributed mathematical models of transmural transport15-'8 similar to the lower-resolution model used in the present study. Because of the low spatial resolution of the techniques usually used for measuring transmural concentration profiles, intimal concentration profiles have not been obtained; therefore, the barrier functions of the endothelium and IEL have not been uniquely quantified. Rather, the barrier function of the blood-tissue interface has often been assigned a single permeability coefficient, similar to our PL parameter. Typically, the mass-transfer resistance quantified by this single permeability coefficient has been attributed to the endothelium. Although these studies have yielded valuable insights into the processes involved in macromolecular transport across the media, the separate contributions of the endothelium and IEL to intimal accumulation have not been distinguished.
A few experimental studies have focused specifically on the barrier function of the endothelium to macromolecular entry into the artery wall to attempt to explain intimal accumulations.32-34 These experiments have consisted of comparing concentrations of labeled tracers in the media before and after the removal of the endothelium to evaluate its role. For example, Caro et a134 used a cannula to remove the endothelium in the rabbit common carotid and thoracic aorta and found an approximately fourfold to sixfold increase in radiolabeled albumin levels in situ after 20 minutes of circulation. Ramirez et al,32 using a balloon catheter to remove the endothelial lining of the thoracic aorta of the rabbit, found 10-and 40-fold increases in the accumulation of labeled albumin in vivo 10 and 60 minutes after injection, respectively. Extrapolating these results to evaluate the role of the IEL as a barrier to mass transfer in the normal animal is problematic. First, endothelial cell removal by balloon-catheter denudation has been shown to result in IEL and inner medial damage.35 Second, the effects of the subsequent inflammatory process on the IEL transport and medial accumulation are unknown.
The data from the present study demonstrate that, on average, '25% of the total resistance to HRP entry into the media was due to the IEL. The finding that the IEL acts as a significant barrier to HRP has many ramifications. First, it is now clear that the normal intima is lined by two substantial barriers, each of which can significantly retard macromolecular transport. Whereas entry into the intima of plasma-borne macromolecules is impeded by the endothelium, there also exists significant resistance to the exit of a macromolecule from the intima into the media. Therefore, any transient increase in the endothelial layer permeability, such as that observed during endothelial proliferation,7 would result in increased intimal accumulation but not necessarily increased medial accumulation. Recently, we demonstrated an uncoupling of intimal and medial macromolecular accumulation.14 In response to endotoxin, intimal accumulation of HRP steadily increased for 120 hours after lipopolysaccharide injection, whereas medial accumulation increased only transiently. Furthermore, medial accumulation was not significantly different from control levels by 72 hours after lipopolysaccharide injection despite very high levels of endothelial cell proliferation at that time. The transient increase in medial accumulation suggests that the permeability of the IEL, or possibly the distribution space available to HRP, underwent a transient change. An implication of the first of these two choices is that the IEL is a dynamic macromolecular barrier.14 The barrier function of the IEL has been implicated by a few investigators in the early atherosclerotic disease process. For example, Nakatake et a136 demonstrated that, when a rat is fed an atherogenic diet of 2% cholesterol, 0.5% cholic acid, and 0.2% methylthiouracil, the IEL undergoes remodeling, as evidenced by an increase in fibrous elastin and a reduplication of the IEL. They propose that both of these responses, which are also characteristics of aging, are protective mechanisms to inhibit the progress of atherosclerotic lesions. Increasing the barrier function of the IEL would further isolate the media from plasma and intimal molecules.
The present study demonstrates that the IEL is a significant barrier to HRP, a macromolecule of 44 kD. One can speculate that the role of the IEL as a barrier relative to the endothelium will be greater for larger macromolecular complexes, such as LDL or vectors for gene transfer. This conclusion stems from the dichotomy between the mechanisms by which macromolecules pass through these two distinct barriers. Macromolecules are believed to cross the normal arterial endothelial cell layer largely by vesicular transport, the rate of which could be expected to be the same for equal concentrations of macromolecules of different sizes. In contrast, macromolecules are believed to cross an elastic layer via diffusion through the fenestrations. Thus, the rate at which a macromolecule crosses an elastic layer is inversely dependent on its size, as in any diffusion process. Therefore, as the size of the macromolecule increases, the resistance of the endothelium will not change, whereas the resistance of the IEL will increase; ie, its permeability will decrease.
Our results show that the mass-transfer resistance of the IEL is of the same order as that of the endothelium and, therefore, must play a significant role in determining macromolecular accumulation in the intima, in restricting plasma-borne macromolecules from entering the media, and in maintaining separate microenvironments in the intima and media. Because HRP is similar in size to some of the larger growth factors and cytokines (eg, platelet-derived growth factor, 33 kD), it is reasonable to postulate that the barrier function of the IEL influences paracrine communication between the endothelium and medial smooth muscle cells. Our data characterizing the lack of effect of charge on the permeability characteristics of the intima suggest that the movement of growth factors through the intima may not be influenced by their cationic nature. The IEL may thus control the signaling of smooth muscle cells to migrate from the media, a phenomenon occurring in atherosclerosis and in restenosis after arterial injury, such as that induced by angioplasty. [37] [38] [39] Recently, evidence has been mounting that oxidation of lipoprotein that resides in the intima may accelerate lesion development.3h40-42 The focal accumulation of high concentrations of plasma-borne lipoproteins that precedes early lesion development at lesion-prone sites' may predispose the lipoprotein to oxidation. Speculations explaining this early accumulation include increased permeability of the endothelium, binding of the lipoproteins to extracellular tissue components, and the transport restrictions of the IEL; the latter, however, has been studied least. The present study demonstrates the importance of this barrier and shows that the influence of the IEL is likely to be an important factor in the intimal accumulation of plasma-borne macromolecules.
